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Dear Dr. Nachman:

During the grant period, we have focused on two lines of original rescarch: (1)
analysis of satellite data to understand the relationship between dust and cirrus in specific
regions, an uncharted rcsearch arca in the atmosphceric sciences discipline; and (2) use of
a regional weather forecast model for cirrus cloud simulation and prediction to support
the overall ABL operation. Below are our specific accomplishments.

Satellite data analysis to investigation dust-cirrus interaction
Woe conducted a study of the aerosol indirect effect on cirrus cloud formation by using

available data from Moderate Resolution Imaging Spectroradiometer (MODIS) on board the
NASA Terra and Aqua satellites. We examined MODIS data covering regions of
frequent dust outbreaks in East Asia, Middle East, and West Africa, and identificd a
number of scenes containing dust/aerosols and clouds based on the technique of cloud-
mask and visual inspection. Cloud and aerosol optical depths and particle sizes inferrcd
from MODIS for selected domains were analyzed, and the ice water path and ice and dust
particle number concentrations were subsequently derived. The selected domains in this
study were divided into a number of sub-grids to dcvclop statistical correlations between
the sub-grid mean cirrus cloud and dust parameters and to investigate variability and
physical significance of these correlations. Our satellitc data analysis was divided in three
parts as follows:

(1) We first investigated the dust aerosol indirect effect on icc clouds formed at the
top of a transported dust laycr. We based our investigation on a prominent casc detected
by the Pulse Detecting Lidar (PDL) during the 2002 Cirrus Regional Study of Tropical
Anvils and Cirrus Layers-Florida Area Cirrus Experiment (CRYSTAL-FACE) in the
southwest coast of Florida, an cxperiment to study high-level clouds and acrosols. We
analyzed the MODIS/Aqua data collocated with the PDL ice cloud detection on July 29,
2002. To obtain physical understanding between dust and ice cloud interactions, we
carried out a numbcr of correlation studies using the following parameters determined
from the MODIS satellite product: cloud optical depth vs. aerosol optical depth; cloud
particle size vs. aerosol optical depth; ice water path (/WP) vs. aerosol optical depth; and



ice particle number concentration (N;) vs. aerosol number concentration (N,). The number
concentrations N; and N, vary between 0 and 4 cm” and between 20 and 80 cm'3,
respectively, and compare reasonably with those determined from in-situ mcasurements.
Based on linear fittings of the correlated data points, cloud optical depth and /WP
generally increases with aerosol optical depth, whereas cloud effcctive particle size
decreases with increasing aerosol optical depth. Also, cloud numbcr concentration N;
incrcases when dust number conccentration N, increases. The estimated acrosol indircct
effect (AIE) index determincd from the slope of the fitted linear equation involving cloud
particle size vs. aerosol optical depth is about a factor of 2 compared to the maximum
AIE value, an excellent indication of thc dust aerosol indirect effect associated with cirrus
cloud formation.

(2) Secondly, we conducted a study of the dust aerosol indirect effect on cirrus cloud
formation based on different dust loadings. When there is no lidar data to confirm ice
cloud formation associated with dust layer, we identificd aerosol indirect effect by
comparing the amount of cirrus clouds to different dust loadings. For this purpose, we
analyzed two cases occurred in western Africa on September 23, 2006 at 1210 UTC and
over Korea on March 20, 2001 at 1210 UTC. For each case, we comparcd the mean
effective cloud particle sizes for cirrus clouds in proximity with the dust events having
different loadings. For both cases, we found that the cirrus mean effective radius is
smaller (larger) when more (less) dust was present, revealing dust aerosols could serve as
cffective ice nuclei for the formation of ice particles. Because of competition of water
vapor, the presence of morc dust acrosols leads to the formation of small ice particlcs, a
theoretical hypothesis confirmed by the present observational study.

(3) Finally, we investigated thc impact of dust aerosols on water and ice clouds. To
compare dust aerosol indircct effccts on the formation of cirrus and watcr clouds, we
carried out a statistical analysis involving a scene over Korea occurred on April 8, 2006
at 0440 UTC, during which a significant presence of the transported dust occurred from a
severe dust storm outbreak in the Gobi desert area, northern China two days bcfore. For
this case, we compared the mean effcctive cloud particle sizes for cirrus and water clouds
with different dust loadings, and found that there is a gencral trend of the corrclation
betwecn cloud particle size and acrosol optical depth. We demonstrate that the mean
effective particle size decreascs as dust optical depth incrcases for both ice and watcr
clouds in accordance with the thcorctical expectation. Moreover, the present dust AIE
index for combincd ice and water clouds is larger than AIE maximum index, revealing
the significant aerosol indirect effect on cloud formation.

Some of the preceding results have been summarized and published in a refereed
journal (Applied Optics, 48, 633-642; Ou, Liou, et al., 2009).

WREF simulation of cirrus cloud distributions

In parallel to satellite cloud and aerosol data analysis, we also conducted a numerical
study of high cloud formation employing the Weather Rcscarch Forccasting (WRF)
model, designed for regional study. Our research group adopted the WRF’s Version 2.2
of ARW to simulate thc occurrence, cvolution, and dissipation of thin cirrus clouds over
thc Western U.S. and Eastern Pacific, covering the ABL test flight rcgion off the coast of
southern California for the timc period, March 29-30, 2007. We comparcd the WRF
simulated cirrus cloud water content distributions to those observed by GOES and
MODIS. To carry out the simulations, the model's initial and boundary conditions werc
extracted from NCEP-GFS (Global Forecast System) "final analysis" product, a sequence




of 6-hourly global 1° gridded fields based on the GFS data assimilation system. We
used one of the mierophysics schemes in WREF that prediets mass content and number
density for each of the five forms of eondensed water: eloud droplet, iee erystal, snow,
graupel, and raindrop. The modcl simulations were performecd for a 48-hour period,
starting at 00Z on 29 March 2007, about 20 hours prior to ABL test flight time, and
ending at 00Z on 31 Mareh 2007. Distributions of the WRF simulated ice eloud water in
terms of eloud water mixing ratio eorresponding to the loeation of ice clouds at seleeted
MODIS overpasses were eross eheeked with the eloud patterns displayed in the GOES
and MODIS images.

For the purpose of comparing WRF simulations to observed eirrus eloud patterns, we
aequired relevant MODIS/Terra/Aqua images for the time periods and loeations of the
test flights ineluding Mareh 29, 1830 UTC (Terra daytime), 2130UTC (Aqua daytimc),
March 30, 0530 UTC (Terra nighttimc), and 2045 UTC (Aqua daytime). We also
colleeted GOES-11 visible and IR images for the dates and times of MODIS/Terra/Aqua
ovcrpasses near southcrn California from thc NOAA websitc. The WRF simulated /WP
pattern for Mareh 29, 2200 UTC was displayed and eompared with GOES 11 IR image
for March 29, 2130 UTC, and MODIS RGS image and MODIS rctrieved /WP for Mareh
29, 2140 UTC, which included frontal and non-frontal cirrus cloud regions. All the cases
were in 2007. Based on these limited comparisons, it appears that with appropriate initial
and boundary eonditions, WRF can be employed to produee rcasonablc cirrus cloud
eoverage and /WP distributions assoeiated with both the frontal and non-frontal systems.

Additional research will be carrying out to further improve WRF for high-level cloud
simulation using satellite data as boundary eonditions. We antieipate that a eouple of
publieations will result from this study.
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